Abstract. The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway is widely involved in cell migration, apoptosis and inflammation. However, its exact mechanisms in severe acute pancreatitis (SAP) remain unclear. The aim of this study was to explore the activity of the JAK/STAT signaling pathway in pancreatic injury, investigate the functional mechanisms of SAP in vitro, and thus elucidate the underlying therapeutic effects for SAP in vivo. The activation of the JAK-1/STAT-1 signaling pathway and the expessions of TNF-α, IL-1β and IL-6 proteins were investigated in AR42J cells induced with cerulein and treated with either PBS, RPM, or AG490. One group of cells was left untreated as a control group. Subsequently the activity of NF-κB was evaluated. Rats were given RPM or AG490 just before the induction of SAP, the severity of which was assessed at 24 h. The findings revealed that the up-regulated expressions of JAK-1/STAT-1, STAT-3 protein were closely correlated with the transcription of TNF-α, IL-1β, and IL-6 in cerulein-stimulated cells. Administration of RPM or AG490 decreased the activity of NF-κB and inhibited the release of TNF-α, IL-1β, and IL-6. The reflective markers of severity of SAP were also decreased by RPM or AG490 treatment compared to SAP rats. This study indicates that the JAK-1/STAT-1 signaling pathway activity is an early event in pancreatic inflammatory injury. Therefore, early treatment with its inhibitors might be beneficial for attenuation of pancreatic injury in SAP.
Introduction
Severe acute pancreatitis (SAP) is an inflammatory disease characterized by interstitial edema, vacuolization, acinar necrosis, and inflammatory infiltration of the pancreas. Its high mortality makes SAP a real challenge for clinical treatment (1) . Although it has become increasingly clear that the excessive inflammatory response is a determining factor in the process of SAP (2) , the exact mechanisms that regulate the severity of SAP remain unclear.
The Janus kinase (JAK)/signal transducer and activator of transcription (STAT) signaling pathway is widely involved in cell migration and apoptosis (3) . Some studies have shown that the JAK/STAT signaling pathway plays an important role in the inflammatory response. The blockade of the JAK/STAT signaling pathway prevents the lethal effects of the excessive inflammatory response during sepsis (4, 5) . However, the role of the JAK/STAT signaling pathway in the excessive systemic inflammatory response observed in SAP has not been fully elucidated. In addition, the precise mechanisms determining the effect of the JAK/STAT signaling pathway inhibitors on SAP in relation to the degree of pancreatic injury are largely unclear.
AR42J cells are the currently available cell line that shows receptor expression and signal transduction mechanisms parallel to those of normal pancreatic acinar cells. Therefore, AR42J cells have been widely used as an in vitro model to study the secretion, signal transduction, cytoskeleton function, apoptosis and the pancreatic inflammatory response of the exocrine pancreas (6) . cerulein over-stimulation is known to produce SAP, and it is likely that under these conditions the inflammatory response in the pancreatic acinar cells is increased leading to damage of these cells (7) . In the present study, we used AR42J cells to investigate the potential role of the JAK/STAT signaling pathway on the cerulein-induced inflammatory response in an in vitro model of SAP, and further explored its action in rats with SAP.
Effects of cerulein on the JAK/STAT signaling pathway in AR42J cells
Cell treatment. AR42J cells were stimulated with cerulein (10 -8 M) , or treated with phosphate buffered saline (PBS) to serve as controls. cells were incubated with tested substances for 24 h for further study.
JAK/STAT signaling pathway RT
2 profiler™ PCR array. Total RNA was isolated from cells using TRIzol reagent kits (Invitrogen, Groningen, The Netherlands). cdNA was prepared from 3 µg of total RNA with an MMLv reverse transcriptase cdNA synthesis kit (Promega, Madison, WI, USA).
Profiling was performed using the JAK/STAT signaling pathway RT 2 profiler PCR array with the QuantiMir system (System Biosciences, Mountain view, cA, USA), a real-time PcR-based array containing a panel of 84 JAK/STAT-related mRNA assays and the U6 transcript for normalization. All operations were performed strictly according to the manufacturer's procedures. The GEArray analyzer software was used for the background subtraction and for data normalization. Genes were considered to be up-regulated if their expression in cerulein-stimulated cells changed at least 2-fold relative to the control.
Western blot analysis. Tissue samples were washed twice with PBS, homogenized with a tissue homogenizer in RIPA buffer (Biyuntian company, Shanghai, china), and centrifuged at 12,000 x g at 4˚C for 10 min. The supernatants were collected and stored at -80˚C. The protein concentration of each sample was determined by the bicinchoninic acid protein assay (Biyuntian company). Each sample was adjusted up to the desired protein content of 40 µg, denatured in loading buffer [62 mM Tris, 10% glycerol, 2% sodium dodecyl sulfate (SdS), 0.003% bromophenol blue] and separated by electrophoresis on a 6% SdS-polyacrylamide gel at 100 v for 120 min. The separated proteins were transferred to a polyvinylidene difluoride (PVDF) membrane using transfer buffer (39 mM glycine, 48 mM Tris, pH 8.3, 20% methanol) at 200 mA for 90 min. The membranes were blocked with 5% non-fat dry milk in Tris-buffered saline (TBS)-0.1% Tween for 1 h at room temperature, washed three times for 10 min each time in TBS-0.1% Tween. Membranes were then incubated with one of the following primary antibodies overnight at 4˚C: JAK-1, phospho-JAK-1 (P-JAK-1), JAK-2, phospho-JAK-2 (P-JAK-2), STAT-1, phospho-STAT-1 (P-STAT-1), STAT-3, phospho-STAT-3 (P-STAT-3) (cell Signaling Biotechnology, danvers, MA, USA, diluted to 1:1,000), TNF-α, IL-1β, or IL-6 (Santa cruz Biotechnology, Inc., Santa cruz, CA, USA, diluted to 1:500), each in TBS-0.1% Tween. After being washed 3 times for 10 min in TBS-0.1% Tween, the membranes were incubated with a peroxidase-conjugated IgG secondary antibody (Kangcheng, Shanghai, china) for 1 h at room temperature. After washing, the proteins were detected by an enhanced chemiluminescence method (Amersham, Piscataway, NJ, USA). The expressions of the proteins were quantified by scanning densitometry using a bio-image analysis system (Bio-Rad, Baltimore, Md, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPdH) protein levels were determined in a similar manner with an anti-GAPDH antibody (Sigma; diluted to 1:500) and served as an internal control.
Effects of the JAK/STAT signaling pathway inhibitor on cerulein-stimulated AR42J cells
Cell treatment. The cells were randomly allocated into four groups. Three of the groups were treated with either PBS, rapamycin (RPM, 50 ng/ml, Sigma), or AG490 (50 µmol/l, Sigma) and stimulated with cerulein (10 -8 M) and one group of cells was left untreated as a control. The samples were harvested 24 h after the onset of stimulation for further study.
Electrophoretic mobility shift assay (EMSA). Nuclear protein extracts of cells were prepared from AR42J cells 24 h after stimulation with a nuclear protein extraction kit (Pierce chemical, Rockford, IL, USA). The biotinylated doublestranded dNA probe sequences of NF-κB (nuclear factor κB) were sense 5'-AGTTGAGGGGACTTTCCCAGGC-3' and antisense 3'-TCAACTCCCCTGAAAGGGTCCG-5'.
Nuclear extracts (5 µg) were incubated with 5 ng of biotinylated double-stranded dNA probes as above in 20 µl of reaction mixture containing binding buffer, 2.5% glycerol, 0.05% NP-40, and 50 µg/ml poly dI:dC from the LightShift EMSA kit (Pierce) for 20 min at room temperature. The mixture was run on 6% polyacrylamide gel. The dNA was transferred to a PvdF membrane, followed by detection using horseradish peroxidase-conjugated streptavidin and a chemiluminescent substrate from Pierce (Pierce). The EBNA (Epstein-Barr nuclear antigen, provided from Pierce) was used as a control.
Western blot analysis. cells were treated as described above. The levels of the TNF-α, IL-1β, IL-6, inhibitor of κB kinase β (IκKβ), NF-κB P65 and NF-κB p50 proteins (Santa Cruz Biotechnology, diluted to 1:500) were assessed by Western blot analysis as described above.
Reverse transcriptase-polymerase chain reaction (RT-PCR).
Total RNA was isolated from cells using TRIzol reagent kits (Gibco-BRL). The primers for rat TNF-α, IL-1β, IL-6 and GAPdH were constructed based on published rat nucleotide sequences and synthesized by Sangon Technology Inc. (Shanghai, china). RT-PcR reactions were performed in 25 µl volumes and run in the GeneAmp 9600 instrument (Perkin-Elmer Inc., Wellesley, MA, USA). The sense and antisense primer sequences were as follows: IL-6, sense 5'-TGCCTTCTTGGGACTGAT-3' and antisense 5'-CTGG cTTTGTcTTTcTTGTTAT-3'; IL-1β: sense 5'-TCTGTGA CTCGTGGGATG-3' and antisense 5'-TCTTTGGGTATTGT TTGG-3'; TNF-α: sense 5'-TCTCATTCCTGCTCGTGG-3' and antisense 5'-CCATTGGCCAGGAGGGCGTTGG-3'; GAPDH: sense 5'-GGCTGAGAACGGGAAGCTTGTC-3' and antisense 5'-CAGCCTTCTCCATGGTGGTGAAGA-3'. The RT-PCR conditions were as follows: 1 cycle for 5 min at 95˚C; 35 cycles for 45 sec at 94˚C, and for 45 sec at 55˚C (IL-6, GAPDH) or at 54˚C (IL-1β), or at 56˚C (TNF-α), and for 1 min at 72˚C; and 1 cycle for 10 min at 72˚C. The PCR products were separated by electrophoresis in 1.2% agarose gels and stained with ethidium bromide. The densities of the cdNA bands were analyzed by scanning densitometry using the Geldoc 2000 software (Bio-Rad). The results were expressed as a ratio of the densities relative to the GAPdH band density.
In vivo experiments
Animals and reagents. Forty male Sprague-dawley rats weighing 150-200 g were randomly divided into 4 groups: the SAP group (n=10), the RPM-(n=10) or AG490-treated groups (n=10), and the control group (n=10). Twenty-four hours prior to the start of the experiments, the rats were deprived of food but allowed access to water. In rats with SAP, SAP was induced by seven intraperitoneal injections of 50 µg/kg cerulein at 1 h intervals. In the treated groups, AG490 (20 mg/kg) or RPM (0.4 mg/kg) were dissolved in saline and administered by intravenous injection for 1-2 min through the penile vein 30 min before the induction of SAP. In the control group, the rats only underwent sham operation. An equal volume of saline was administered in the control and SAP rats. All rats were returned to their cages with free-access to water and food after induction. Rats that died before the end of the study (three in the SAP group, two in the RPM-treated group and one in the AG490-treated group) were excluded from the analysis. Blood samples taken from the heart and pancreatic tissues were harvested at 24 h after the onset of induction before the surviving animals were sacrificed. The experiments were conducted according to the Guidelines of the Shanghai Animal Use and care committees and the National Animal Welfare Law.
Histological score of pancreatic injury. Pancreatic tissues were excised and fixed in 4% formaldehyde. The histopathological evaluation was performed under light microscopy after sectioning and staining with hematoxylin and eosin. The selected slides were forwarded to two pathologists on two separate occasions. The two pathologists, each of whom was blinded to the other's assessment, recorded their assessment on an evaluation form for pancreatic injury. The evaluation of pancreatic injury including the graded assessment of pancreatic edema, vascular, fat necrosis and acinar necrosis. calcification was determined by the histological score of pancreatic injury (8) , which was used to help reach a diagnosis in case of a different opinion between the pathologists.
The methods of histological score of pancreatic injury were as follows: Edema: 0, absent; 1, focal expansion of the interlobar septa; and 2, diffuse expansion of the interlobar septa. vascular: 0, absent; 1, congestion; 2, congestion plus local interlobar or intralobar hemorrhage; 3, multifocal diffuse hemorrhage; and 4, vascular fibrinoid necrosis or thrombosis. Fat necrosis: 0, absent; 1, focal dissolution of the interlobular or peripancreatic fat; and 2, diffuse dissolution of the interlobular or peripancreatic fat. Acinar necrosis: 0, absent; 1, <10% patchy necrosis of the edges of the lobules; 2, 10-30% patchy, peripheral necrosis of the lobules; 3, <30% confluent lobules necrosis; 4, <50% confluent lobular necrosis; and 5, formation of microabscesses. Calcification: 0, absent; 1, focal in fat or acinar necrosis; and 2, diffuse in fat or acinar necrosis.
Pancreatic dry/wet weight ratio. Pancreatic tissue edema was evaluated by tissue water content. A portion of the pancreatic tissue was taken immediately after sacrifice, to be trimmed of the fat and weighed. Tissue water content was determined by calculating the wet/dry weight ratio according to the formula: [(wet weight -dry weight)/dry weight] x 100%, where the wet weight was the initial weight of the respective tissue and the weight after incubation at 72˚C for 24 h was the dry weight.
Biochemical assays. Serum amylase levels were determined by a Beckman cX7 chemistry analyzer (Beckman coulter, Fullerton, cA, USA). Serum trypsinogen activation peptide (TAP) levels (Biotrin International Ltd., dublin, Ireland) were evaluated by an enzyme-linked immunosorbent assay.
Statistical analysis. data are expressed as the means ± standard deviations (Sd). Statistics were conducted using the Statistical Package for the Social Sciences (SPSS) software, version 10.5. The one-way analysis of variance (ANOVA) with the dunnett's multiple comparison test were used for comparisons between the means. A P-value <0.05 was considered statistically significant.
Results

JAK/STAT signaling pathway gene expression.
The genes that were up-regulated more than 2-fold between the two groups are discussed below. In general, the key genes involved in the inflammatory pathway, such as JAK-1, JAK-2, STAT-1, STAT-3, STAT-4, STAT-5b, the CXC chemokine ligand 9 (cXcL9), the siderophore iron transporter 1 (sit1), the interferon regulatory factor 1 (Irf1), IL-20, Nfkb1 and cRP among others were up-regulated in cerulein-stimulated AR42J cells. On the other hand, negative regulators of JAK/STAT signaling such as the protein inhibitor of activated STAT (PIAS) 1, protein tyrosine phosphates, CD45 (Ptprc), the suppressor of cytokine signaling (SOcS) 1, SOcS2 and SOcS3 were downregulated. These results supported the concept that cerulein could influence the activity of the JAK-1/STAT-1, STAT-3 signaling pathway in AR42J cells.
Expression and activity of JAK-1 STAT-1 and STAT-3 proteins.
To gain direct evidence for the activity of the JAK-1/STAT-1, STAT-3 signaling pathway induced by cerulein in AR42J cells, the JAK-1 and STAT-1 and STAT-3 activities were evaluated by Western blot analysis (Fig. 1) . compared with control cells, cerulein increased the levels of JAK-1, P-JAK-1, STAT-1, and P-STAT-1 proteins at 24 h (P<0.05). Meanwhile, in ceruleinstimulated cells increased levels of JAK-1 were observed at 12 h and of P-JAK-1, STAT-1, P-STAT-1, STAT-3, and P-STAT-3 proteins at 24 h, demonstrating a time-dependent response (P<0.05 vs. 6 h).
Expressions of TNF-α, IL-1β, and IL-6 protein.
The Western blot analsysis of the levels of TNF-α, IL-1β and IL-6 protein is presented in Fig. 2 . The levels of IL-6 at 12 h, and IL-1β and TNF-α protein at 6 h in cerulein-stimulated cells were statistically different from those in control cells (P<0.05). In addition, the levels of IL-6 at 12 h, IL-1β at 48 h, and TNF-α protein at 24 h in cerulein-stimulated cells, were different compared with those of cerulein-stimulated cells at 6 h, respectively, demonstrating that the response was timedependent (P<0.05).
The effect of RPM or AG490 on the activity of NF-κB.
EMSA was performed to detect the activity of NF-κB in each group (Fig. 3) . Similarly to the control EBNA system, a complete set of three reactions should be performed with the test system. very little NF-κB binding activity was detected in control cells and the NF-κB binding activity was increased in cerulein-stimulated cells at 24 h. Treatment with RPM or AG490 both decreased the NF-κB binding activity compared to that of cerulein-stimulated cells.
Furthermore, the levels of IκKβ, NF-B p65 and NF-B P50 protein were investigated (Fig. 4) . At 24 h the levels of IKβ, NF-B P65 and NF-B P50 protein in cerulein-stimulated cells were increased (P<0.05 control cells, respectively), but were down-regulated in RPM-or AG490-treated cells (P<0.05 cerulein-stimulated cells). cells). In contrast, the treatment with RPM or AG490 partially counteracted the effects of cerulein on TNF-α, IL-1β, and IL-6 protein and gene levels (P<0.05, cerulein-stimulated cells).
Effect of RPM or AG490 on TNF-α, IL-1β and IL-
The effect of RPM or AG490 on the severity of SAP in rats.
Histological examination of pancreatic tissues was performed (Fig. 7 ). There were no remarkable pathological changes in control rats. The broad necrosis of acinar cells and interstitial edema were seen in pancreatic tissues of rats with SAP. The pancreatic morphological changes in RPM or AG490-treated rats was characterized by interstitial edema, but without obvious parenchyma necrosis and hemorrhage. The results of the reflective markers of severity of SAP including pancreatic dry/wet weight ratio, histological score of pancreatic injury, serum TAP and amylase levels are summarized in Table I . These results show that the reflective markers of severity of SAP were significantly decreased in RPM-and AG490-treated rats compared to those of SAP rats, respectively (P<0.05). In addition, in control rats, the levels of histological score of pancreatic injury and serum amylase were lower than those of RPM-and AG490-treated rats, respectively (P<0.05).
Discussion
The excessive systemic inflammatory response in SAP often leads to clinical multiple organ dysfunction syndromes. Related studies have indicated that the inflammatory mediators such as, IL-6, IL-1β and TNF-α, are secreted by macrophages during SAP and augment the inflammatory response that contributes to multi-organ function (9-11). IL-6 is a multifunctional cytokine and is an accurate early predictor of severity for SAP, with a sensitivity range of 89-100% (12, 13) . IL-1β is another major cytokine that can drive the excessive systemic inflammatory response. It has been used as a biomarker of disease severity and has similar accuracy to IL-6 in predicting SAP upon admission (14) . TNF-α is a key regulator of other pro-inflammatory cytokines and of leukocyte adhesion molecules, and it is a priming activator of immune cells. In recent years, several research lines -mostly derived from animal models and in vitro studies have suggested that TNF-α plays a pivotal role in the pathogenesis of SAP. In particular, it contributes to the systemic progression of the inflammatory response and to the end-organ dysfunction often observed in severe disease (15) . These studies have shown that the JAK/STAT signaling pathway plays an important role in the inf lammatory response. The inhibition of JAK-1 might lead to a dramatically increased susceptibility to viral and bacterial pathogens (16) . Matsukawa (17) has reported that STAT-1 gene knockout mice are moderately resistant to endotoxin shock. yu et al (18) have suggested that cerulein induces the activity of JAK-2 and STAT-3, which is inhibited by treatment of AR42J cells with AG490. Therefore, it is suggested that the JAK-2/STAT-3 signaling pathway may be the underlying mechanism in the pathogenesis of SAP. Another study has provided evidence that the maximal lung injury after cerulein-induced SAP occurrs in STAT4 or STAT6-deficient mice (19) . In pancreatic acinar cells stimulated with TNF-α, the activity of JAK-2 and STAT-1 or STAT-3 have been shown to have an impact on the development of pancreatic injury (20) . In the present study, the activity of the JAK/STAT signaling pathway was also confirmed to be increased in cerulein-stimulated AR42J cells, especially in terms of the activities of JAK-1, STAT-1 and STAT-3. In addition, the inflammatory cytokines such as TNF-α, IL-1β, and IL-6, were increased. It is possible that the inflammatory response in pancreatic injury physically and functionally is associated with the JAK-1/STAT-1, STAT-3 activities. The findings thus indicate that the therapeutic strategy for SAP should include the modulation of the JAK-1/ STAT-1, STAT-3 signaling pathway. RPM is a streptomyces derivative that inhibits the mammalian target of the mTOR signaling pathway that is critical for the regulation of cell growth, cell proliferation, cell motility, cell survival (21, 22) . RPM is widely used as an immunosuppressant in organ transplant recipients and has shown limited toxicities even in immunological disorders (23) . In addition, other data directly support the idea that RPM inhibits the activity of STAT-1 (24) .
AG490 is a recently developed JAK-2 inhibitor and is part of the synthetically-derived tyrphostin family of tyrosine kinase inhibitors. AG490 inhibits cytokine-induced activation of JAK-2 in eosinophils stimulated with granulocyte-macrophage colony stimulating factor and selectively blocks leukemic cell growth by inducing programmed cell death (25) . Related studies have suggested that AG490 also inhibits the IL-2 signaling pathway in the T cell line, d10, which fails to activate JAK-1, JAK-2, or Tyk2 (26, 27) . Furthermore, AG490 is an inhibitor of the JAK-2, JAK-3/STAT, JAK-3/acute protein-1 and the JAK-3/mitogen-activated protein kinase signaling pathways and potently inhibits cytokine-independent cell growth in vitro. In the present study, treatment with AG490 inhibited the activity of JAK-1 and STAT-1 proteins and treatment with RPM inhibited the activity of the STAT-1 protein in cerulein-stimulated AR42J cells.
Treatment with AG490 and RPM inhibits not only the JAK-1/STAT-1 pathway, but also may be involved in other signaling pathways. The close correlation between the NF-B expression and the extent of inflammation was reported in SAP by related studies, the results of which suggest that NF-B could be a major inflammatory regulating factor in SAP (28) . However, little is known about the relationship between the role of NF-B and of the JAK-1/STAT-1 signaling pathway in the regulation of the systemic inflammatory response during SAP. Based on these findings, we further investigated the effects of RPM and AG490 on the inflammatory response in an in vitro model of SAP to better define a potential role for the inhibitors of JAK-1/STAT-1 signaling pathway for the therapy of SAP. These results demonstrate that RPM and AG490 completely reversed the cerulein-stimulated NF-B activity. This was directly confirmed by measuring the expressions of IKβ, NF-B P65 and of NF-B P50 protein using Western blot analysis. The observed decreases in the expressions of TNF-α, IL-1β, and IL-6 at the gene and protein levels indicate that the anti-inflammatory effects of RPM and AG490 are mainly mediated through the crosstalk between the JAK-1/STAT-1 and the NF-B signaling pathways.
Another question that may arise is whether the inhibition of the JAK/STAT signaling pathway by RPM and AG490 attenuates the severity of SAP in vivo. TAP is a small peptide, which is cleaved from the amino-terminal end of trypsinogen during activation. Previous studies have shown that the quantification of TAP in the early phase of SAP provides an accurate prediction of the severity of disease (29) . Similarly, serum amylase levels, the histological score of pancreatic injury and the pancreatic dry/wet weight ratio could reflect the severity of pancreatic damage and are increased in SAP. In this study, our data indicate a significant reduction of the examined markers of severity of SAP in rats treated with RPM or AG490 compared to rats with SAP. Therefore, the present study indicates that the inhibitor of JAK-1/STAT-1 activity could attenuate the severity of SAP.
In conclusion, the results provide evidence that cerulein rapidly triggers the activity of the JAK-1/STAT-1, 3 signaling pathway to mediate several inflammatory events including the activity of NF-B and the transcription of the inflammatory mediators. It also documents a novel effect of the inhibitors of the JAK/STAT signaling pathway in vitro, which results in suppression of the NF-B activity and a decrease of the production of inflammatory mediators, events which might be a benefit for pancreatic injury in vivo. The results of this study further suggest that the JAK-1/STAT-1 signaling pathway might become a new target for the regulation of the inflammatory response in SAP.
